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and Ref. 7, page 304, respectively). This assumption is used in Section 5.1.2 and 
corresponds to paragraph 5.2.8.6 of Ref. 20. 
3.5 The uniform strain of 304 SS is not available in literature. Therefore it is conservatively 
assumed that the uniform strain is 75% of the elongation. The rationale for this assumption 
is the character of the stress-strain curve for 304 SS (Ref. 7, page 295). This assumption is 
used in Section 5.1.2 and corresponds to paragraph 5.2.14.1 of Ref. 20. 
3.6 The uniform strain of A 516 Grade 70 CS is not available in literature. Therefore it is 
conservatively assumed that the uniform strain is 50% of the elongation. The rationale for 
this assumption is the character of the stress-strain curve for A 36 CS (Ref. 7, page 189) that 
has similar chemical composition to A 516 Grade 70 CS (see Ref. 4, Section 11, Part A, 
SA-516lSA-516M, Table 1 and SA-36lSA-36M, Table 2 for chemical compositions of A 516 
Grade 70 CS and A 36 CS, respectively). This assumption is used in Section 5.1.2 and 
corresponds to paragraph 5.2.1 1.1 of Ref. 20. 
3.7 The change of minimum elongation with increase of temperature for 316 SS is not available 
in literature. Therefore, the magnitude of this change at elevated temperature is assumed, 
based on the relative change of typical elongation for said materials available in vendor 
- .- - 
catalogues (Ref. 1, page 8). The rationale for this assumption is that the relative change of 
typical elongation should be bounding for the relative change of minimum elongation. This 
- - 
assumption is used in Section 5.1.1 and corresponds to paragraph 5.2.8.5 of Ref. 20. 
3.8 The exact geometry of the PWR fuel assemblies is simplified for the purpose of this 
calculation in such a way that its total mass is assumed to be distributed within a bar of 
square cross section with uniform mass density. The rationale for this assumption is to 
simplify the FER, while providing a set of bounding results. This assumption is used in 
Section 5.3.1 and corresponds to paragraph 5.2.9.1 of Ref. 20. 
3.9 The material used to represent the fuel assemblies is 304 SS. The rationale for this 
assumption is that the end fittings are made of 304 SS (Ref. 24, Section 2.1, page 2-4) and 
they are the parts that will come in contact with other components. This assumption is used 
in Sections 5.1.1 and 5.3.1 and corresponds to paragraph 5.2.9.2 of Ref. 20. 
3.1 0 The following design parameters are assumed for the PWR spent nuclear fuel assemblies to 
be loaded into a 21-PWR waste package: mass = 773.4 kg, width = 216.9 mm, and 
length = 4407 mm. The rationale for this assumption is that these parameters correspond to 
the B&W (Babcock & Wilcox) 15x15 fuel assembly, which is the heaviest PWR fuel 
assembly available (Ref. 9, Table 2). The mass of the B&W fuel assembly has been 
increased by 25 ibs (1 1.4 kg) to account for variations in fuel assembly mass. It should be 
noted that South Texas PWR fuel assemblies will not be disposed in the 21-PWR waste 
package, and are therefore excluded from this assumption. This assumption is used in 
Section 5.3.1 and corresponds to paragraph 5.2.9.5 of Ref. 20. 
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3.1 1 The target surface was assumed to be unyielding (i.e. elastic), and A 36 CS was used to 
represent it in the FER. The rationale for this assumption was that this material has a high 
modulus of elasticity compared to concrete and it is known that the use of an unyielding 
surface with high modulus of elasticity would ensure conservative results in terms of stresses 
in the waste package. This assumption is used in Section 5.1.1 and 5.3.1 and corresponds 
to paragraph 5.2.8.1 of Ref. 20. 
3.12 The friction coefficients for contacts occurring between the materials used in this calculation 
are not available in literature. It is, therefore, assumed that the dynamic (sliding) fiction 
coefficient is 0.5 for all contacts. The rationale for this assumption is that this friction 
coeficient represents the reasonable typical value for most metal-on-metal contacts (see 
Ref. 6, Table 3.2.1, p. 3-26). This assumption is used in Section 5.3.1. 
3.13 The variation of functional friction coefficient between the static and dynamic value as a 
function of relative velocity of the surfaces in contact (see Ref. 18, p. 6.9) is not available in 
literature for the materials used in this calculation. Therefore, the effect of relative velocity 
of the surfaces in contact is neglected in this calculation by assuming that the functional 
friction coefficient and static friction coefficient are both equal to the dynamic friction 
coefficient. The impact of this assumption on results presented in this document is 
anticipated to be negligible. The rationale for this conservative assumption is that it provides 
a bounding set of results by minimizing the friction coefficient within the given finite 
element analysis framework. This assumption is used in Section 5.3.1 and corresponds to 
paragraph 5.2.14.4 of Ref. 20. 
3.14 The thickness of the WP OS is reduced by 2 mm. The rationale for this assumption is the 
following: The OS will degrade due to general corrosion during the regulatory period. The 
thickness reduction of 2 mm over the regulatory period of 10,000 years corresponds to a 
general corrosion rate of 2 . 1 0 ~  mdyr.  According to Reference 27 (See file 
WDgA22Sand_all), the general corrosion rate of 2.10~rnm/yr exceeds the 97" percentile of 
general corrosion rate for Alloy 22. This assumption is used in Sections 1 and 5.2. 
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4. USE OF COMPUTER SOFTWARE 
One of the finite element analysis (FEA) computer codes used for this calculation is ANSYS V5.4 
(Ref. 12), which was obtained from Software Configuration Management in accordance with 
appropriate procedures, and is identified by the Computer Software Configuration Item number 
30040 V5.4. ANSYS V5.4 is a qualified, commercially available FEA code and is appropriate for 
creating a mesh as performed in this calculation. The calculations using the ANSYS V5.4 software 
were executed on the Hewlett-Packard (HP) 9000 series UNIX workstation (operating system HP- 
UX B.10.20) identified with YMP (Yucca Mountain Project) tag number 117161 located in Las 
Vegas, NV. The ANSYS evaluation performed for this calculation is fully within the range of the 
validation performed for the ANSYS V5.4 code. Access to the code was granted by the Software 
Configuration Management in accordance with the appropriate procedures. 
The input files (identified by .inp file extensions) and output files (identified by .out file extensions) 
for ANSYS V5.4 are provided in Attachment IV. 
The other FEA computer code used for this calculation is Livermore Software Technology 
Corporation LS-DYNA V950 (Ref. 14) and V960.1106 (Ref. lo), which was obtained from the 
Software Configuration Management in accordance with appropriate procedures, and is identified 
by the Software Tracking Numbers 10300-950-00 and 10300-960.1 106-00. LS-DYNA is a qualified, 
commercially available finite element code and both versions are appropriate for structural 
calculations of waste packages as performed in this calculation. These two versions of the 
LS-DYNA code perform the same way for the simulations run in this calculation, and both versions 
were used in order to take advantage of all the available.computing resources. The calculations using 
LS-DYNA V950 were executed on the HP 9000 series UNIX workstations (operating system HP-UX 
B.10.20) identified with YMP tag numbers 114193,114434,700888, 117161 and 117162, located 
in Las Vegas, NV. The calculations using LS-DYNA V960.1106 were executed on the HP 9000 
series UNIX workstation (operating system HP-UX 11 .O) identified with YMP tag number 151325, 
151324, 151664, 151665, 150690, 150691, 150688 and 150689 located in Las Vegas, NV. The 
LS-DYNA evaluations performed for this calculation are fully within the range of the validation 
performed for both versions of the LS-DYNA code. Access to the code was granted by the Software 
Configuration Management in accordance with the appropriate procedures. 
LS-POST V2 was used to post-process the results. As per AP-SI.IQ, Section 2.1.2 (Ref. 26), this 
software is exempt from the requirements of this same procedure. 
The input files (identified by .k and .inc file extensions) and output files (filenames starting with 
"d3hspn) for LS-DYNA are provided in Attachment IV. The geometry used in each run is defined 
in Attachment 111, Table 111-1. The binary graphic files (name similar to d3plot) containing the first 
and last time steps of each calculation are also provided, for information only. They can be viewed 
using LS-POST V2. 
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5. CALCULATION 
5.1 MATERIAL PROPERTIES 
Material properties used in this calculation are listed in this section. Some of the temperature- 
dependent material properties are not available for the materials used in this calculation. Therefore, 
RT density and RT Poisson's ratio are used for all materials (see Assumption 3.1). Furthermore, all 
material properties listed below were obtained under static loading conditions (see Assumption 3.2). 
The values of each material property are needed at 10097 (212 OF), 150 97 (302 OF) and 20097 
(392 OF). The material properties at these temperatures are obtained by linear interpolation of the 
corresponding material properties presented in Table 1, by using the formula: 
T - T ,  
P = P ( T ) = P /  +(-)-b" T, T, -PJ 
Subscripts u and I denote the upper and lower bounding values of generic material propertyp at the 
corresponding bounding temperatures. 
Table 1. Material Properties Cited in References 
Temperature Value Reference 
("C-"F) 
Alloy Yield 93 - 200 338 MPa Ref. 21. Values for Plates, % - % in. (6.4 - 19.1 mm) 
22 Strength thick 
204 - 400 283 MPa 
Tensile 93 - 200 738 MPa Ref. 21. Values for Plates, % - % in. (6.4 - 19.1 mrn) 
Strength thick 
204 - 400 676 MPa 
Elongation 93 - 200 65 % Ref. 21, Values for Plates, % - % in. (6.4 - 19.1 rnm) 
thick 
204 - 400 66 % 
Elasticity 3.2 mm) thick 
204 - 400 
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5.1.1 Material properties at  100 OC, 150 CC and 200 OC 
SB-575 NO6022 (Alloy 22) (OS, OS lids, extended OS lid, upper and lower trunnion collar sleeves, 
and inner shell support ring): 
. Density = 8690 kg/m3 (0.3 14 lb/in3) (at RT) (Ref. 21, Paragraph "Properties of Alloy 22") 
. Yield strength = 33 5 MPa at 100 97 
Yield strength = 3 10 MPa at 150 @ 
Yield strength = 285 MPa at 200 97 
. Tensile strength = 734 MPa at 100 @ 
Tensile strength = 706 MPa at 150 97 
Tensile strength = 678 MPa at 200 97 
. Elongation = 0.65 at 100 97 
Elongation = 0.66 at 150 97 
Elongation = 0.66 at 200 93 
. Poisson's ratio = 0.278 (at RT) (Ref. 21, paragraph "Mechanical Properties"; See Assumption 
3.3) 
. Modulus of elasticity = 203 GPa at 100 97 
Modulus of elasticity = 199 GPa at 150 97 
Modulus of elasticity = 196 GPa at 200 97 
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SA-240 S31600 (3 16 SS) (inner shell, inner shell lids, shear ring and shell interface ring): 
. Density = 7980 kg/m3 (at RT) (Ref. 5, Table X1.1, p. 7) 
. Yield strength = 177 MPa (25.6 h i )  at 10097 
Yield strength = 161 MPa (23.4 h i )  at 150 97 
Yield strength = 149 MPa (2 1.6 h i )  at 200 97 
. Tensile strength = 5 15 MPa (74.7 h i )  at 100 97 
Tensile strength = 503 MPa (72.9 h i )  at 150 97 
Tensile strength = 496 MPa (72.0 h i )  at 200 97 
Minimum elongation = 0.40 (at RT) (Ref. 4, Section 11, Part A, SA-240, Table 2). 
The change of minimum elongation with increase of temperature for 3 16 SS is not available 
in literature. Therefore, the magnitude of this change is estimated based on the relative 
change of typical elongation (see Assumption 3.7 and Ref. 1) and applied to the value of the 
minimum elongation at RT (see Table 2). 
Table 2. Change in Typical Elongation for 316 SS between RT and High Temperatures 
Minimum elongation for 316 SS at 100 97: 0.4 . (1-0.21) = 0.32 
Minimum elongation for 3 16 SS at 150 97: 0.4 . (1-0.23) = 0.3 1 
Minimum elongation for 3 16 SS at 200 OC: 0.4 . (1-0.25) = 0.30 
Temperature ("C) 
Typical Elongation (%) 
Change in Typical Elongation between 
RT and Higher Temperature (%) 
Poisson's ratio = 0.30 (at RT) (Ref. 2, Figure 15, p. 755) 
RT 1 1 0 0  1 1 5 0  1 2 0 0  
. Modulus of elasticity = 190 GPa (27.5.106~si) at 100 93 
Modulus of elasticity = 186 GPa (27.0.10~~si) at 150 97 
Modulus of elasticity = 183 GPa (26.6.10~~si)  at 200 97 
0.68 
N/A 
SA-240 S30400 (304 SS) (PWR he1 assemblies, see Assumption 3.9): 
Yield strength = 170 MPa (24.7 h i )  at 100 97 
Yield strength = 154 MPa (22.4 h i )  at 150 @ 
Yield strength = 143 MPa (20.8 h i )  at 200 93 
0.538 
-21 
. Tensile strength = 485 MPa (70.4 h i )  at 100 97 
Tensile strength = 456 MPa (66.2 h i )  at 150 97 
Tensile strength = 443 MPa (64.2 h i )  at 200 97 
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. Elongation = 0.40 (at RT) (Ref. 4, Section 11, SA-240, Table 2) 
. Poisson's ratio = 0.29 (at RT) (Ref. 2, Figure 15, p. 755) 
Modulus of elasticity = 190 GPO (27.5.106psi) at 100 97 
Modulus of elasticity = 186 GPa (27.0 .10~~si)  at 150 97 
Modulus of elasticity = 183 GPa (26.6.10~psi) at 200 97 
SA-5 16 KO2700 (A 5 16 Grade 70 CS) (basket guides and stiffeners, fuel basket plates and tubes): 
. Density = 7850 kg/m3 (at RT) (Ref. 4, Section 11, Part A, SA-20lSA-20M, Section 14.1) 
(Material supplied to American Society for Testing and Materials [ASTM] A 516lA 516M- 
90 specification shall conform to specification ASTM A 20lA 20M [see Ref. 4, Section 11, 
SA-5 16lSA-5 16M, section 3.11) 
. Yield strength = 239 MPa (34.7 h i )  at 100 97 
Yield strength = 232 MPa (33.6 h i )  at 150 97 
Yield strength = 225 MPa (32.6 h i )  at 200 97 
. Tensile strength = 483 MPa (70 h i )  at 100 97 
Tensile strength = 483 MPa (70 h i )  at 150 97 
Tensile strength = 483 MPa (70 h i )  at 200 T? 
. Elongation = 0.2 1 (at RT) (Ref. 4, Section 11, Part A, SA-5 16lSA-5 16M, Table 2) 
. Poisson's ratio = 0.3 (at RT) (Ref. 3, p. 374) 
Modulus of elasticity = 198 GPa (28.7.10~psi) at 100 97 
Modulus of elasticity = 195 GPa (28.3.10~psi) at 150 97 
Modulus of elasticity = 191 GPa (27.7.106psi) at 200 97 
SA-36 KO2600 (A 36 CS) (unyielding surface, see Assumption 0): 
. Density = 7860 kg/m3 (at RT) (Ref. 5, Table Xl . l ,  p. 7) 
. Poisson's ratio = 0.30 (at RT) (Ref. 3, p. 374) 
. Modulus of elasticity = 203 GPa (29.5.10~psi) (at RT) (Ref. 4, Section 11, Part D, Table 
TM-1) 
5.1.2 Calculations for True Measures of Ductility 
The material properties in Section 5.1 refer to engineering stress and strain definitions: s = P/A,and 
e = L/L, - 1, where P stands for the force applied during static tensile test, L is the defomed- 
specimen length, and Lo and A, are original length and cross-sectional area of specimen, 
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respectively. The engineering stress-strain curve does not give a true indication of the deformation 
characteristics of a material during plastic deformation since it is based entirely on the original 
dimensions of the specimen. In addition, ductile metal that is pulled in tension becomes unstable 
and necks down during the test. Hence, LS-DYNA FEA code requires input in terms of true stress 
and strain definition: o = P/A and E = In (LIL,) (see Ref. 15, Chapter 9). 
The relationships between the true stress . a d  strain definitions and engineering stress and strain 
definitions, o = s (l+e) and E = In (l+e) (see Ref. 15, Chapter 9), can be readily derived based on 
constancy of volume (Ao . Lo = A .  L) and strain homogeneity during plastic deformation. These 
expressions are applicable only in the hardening region of stress-strain curve that is limited by the 
onset of necking. 
The following parameters are used in the subsequent calculations: 
s y  s o y  =yield strength 
s, = engineering tensile strength 
o, = true tensile strength 
o~ ey = cy  = strain corresponding to yield strength (=-) 
E 
E = modulus of elasticity 
e, = engineering strain corresponding to tensile strength (engineering uniform strain) 
E" = true strain corresponding to tensile strength (true uniform strain) 
In the absence of uniform strain data in available literature, it needs to be estimated based on the 
character of stress-strain curves and elongation (strain corresponding to rupture of the tensile 
specimen). 
The stress-strain curves for Alloy 22 and 316 SS do not manifest pronounced softening phase (see 
Ref. 19 and Ref. 7, page 304). Therefore, the elongation, reduced by 10% to take into account the 
specimen-failure part of the stress-strain curve (see Assumption 3.4), can be used in place of uniform 
strain for these two materials. 
For Alloy 22: 
e, =0.9~elongation=0.9~0.65=0.59,~, =In(l+e,)=ln(l+0.59)=0.46and 
a, =s;(l+e,)=734~(1+0.59)=1170 MPaat 10097 
en =0.9.0.66=0.59,~, =In(1+0.59)=0.46 and a, =706.(1+0.59)=1120 MPaat 15097 
e, = 0.9.0.66 = 0 . 5 9 , ~ "  =In (1 +0.59) = 0.46 and a,, = 678.(1+0.59)= 1080 MPa at 200@ 
For 316 SS: 
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e, = 0.9.0.4. ( 1  -0.23) = 0.28,~" = In ( 1  + 0.28) = 0.25 ando, = 503. (1 + 0.28)= 644 MPaat ]SO@ 
e,  = 0.9.0.4. (1  - 0.25) = 0.27 ,E, = In ( 1  + 0.27) = 0.24 ando, = 496.(1+ 0.27)= 630 MPa at 
200 97 
Contrary to the two previous cases, the stress-strain curve for 304 SS exhibits pronounced three-stage 
(elastic-hardening-softening) deformation character. The uniform strain is, therefore, estimated to 
- -. 
be 75% of elongation based on the available stress-strain curves (see Assumption 3.5). 
Hencee, = 0.75. elongation = 0.75.0.40 = 0.30. The true uniform strain is therefore 
E, = ln(1 + e,) = ln(1 + 0.30) = 0.26 
The true tensile strength is 
a, = s, .(I +e,)= 485 .(I + 0.30)= 630 MPU (at 100°C) 
a, = s ,  .(l+e,)=456.(1+0.30)=593~Pa(at 150°C) 
o, = s ,  .(l+e,)=443.(1+0.30)=576M~a(at200T) 
Finally, the stress-strain curve for A 516 Grade 70 CS exhibits stress-strain curve character typical 
for CS. The uniform strain is estimated to be 50 % of elongation based on the available stress-strain 
curves for A 36 CS (see Assumption 3.6). 
Hence e, = 0.5. elongation = 0.5.0.21 = 0.1 1 .  The true uniform strain is therefore 
Since the engineering tensile strength of A 5 16 Grade 70 CS does not vary with temperature for the 
temperature range of interest, the true tensile strength is 
5.1.3 Calculations for Tangent Moduli 
As previously discussed, the results of this simulation are required to include elastic and plastic 
deformations for Alloy 22,316 SS, A 516 Grade 70 CS, and 304 SS. When the materials are driven 
into the plastic range, the slope of stress-strain curve continuously changes. A ductile failure is 
preceded by a protracted regime of hardening (and possibly softening) and substantial accumulation 
of inelastic strains. Thus, a simplification for this curve was needed to incorporate plasticity into the 
FER. A standard approximation commonly used in engineering is to use a straight line that connects 
the yield point and the ultimate tensile strength point of the material. The tangent modulus (E,) is 
a parameter used in the subsequent calculations in addition to those defined in Section 5.1. The 
tangent modulus represents the slope of the stress-strain curve in the plastic region; it can be 
calculated using the following expression: 
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and the material properties given in Sections 5.1.1 and 5.1.2. For example, for Alloy 22 at RT, E, 
= (1.17 - 0.335) / (0.46 - 335 .lo6/ 203.10') = 1.82 GPa. The values of tangent moduli used in this 
calculation are presented in Table 3. 
5.2 INITIAL CONDITIONS FOR THE DROPS 
Table 3. Tangent Moduli at Three Different Temperatures 
The initial conditions for the impacts are as follows: 
Material 
Alloy 22 
316 SS 
304 SS 
A 516 CS 
End impacts: Initial velocity = 1,2,4, 6, 10 and 20 m/s 
Angle between the axis of the waste package and the vertical (a, see Figure 2) = 
0, 1,5 and 8 degrees. 
Figure 2: Initial Position of the Waste Package for the End Impacts 
Tangent Modulus (GPa) 
Side impacts: Initial velocity = l ,2 ,4 ,6 ,  10 and 20 m/s 
Angle between the axis of the waste package and the horizontal (a, see Figure 3) = 
0, 1 and 8 degrees. 
100% 
1.82 
1.94 
1.77 
3.01 
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Figure 3: Initial Position of the Waste Package for the Side Impacts 
5.3 FINITE ELEMENT REPRESENTATION 
5.3.1 Description of the Finite Element Representation 
A three-dimensional FER of the waste package was developed in ANSYS V5.4 using the dimensions 
provided in Attachment I. The internal structure of the waste package was simplified in several 
ways. The PWR fuel assemblies were reduced to bars of square cross section of uniform mass 
density, and assumed to be constructed of 304 SS (Assumptions 3.8 and 3.9). Also, the geometric 
dimensions of the fuel assemblies were modified to keep the value of the gap between the fuel 
assemblies and the nearest eIement consistent with the gap defined using the eIements found in 
Attachment I and Assumption 3.10. Finally, the mass density of the fuel assemblies was modified 
so that the total mass of the loaded waste package equals the mass given in 
Attachment I. Furthermore, in the end impacts, the fuel basket tubes were not represented in the 
FER. 
I The thickness of the OS was reduced by 2 mm on its outer surface (see Assumption 3.14). 
The target surface was conservatively assumed to be unyielding (Assumption 3.1 l), and its density 
was rounded up to 8000 kdm3. 
A static and dynamic friction coefficient of 0.5 was taken into account between all parts 
(Assumptions 3.12 and 3.13). 
5.3.2 Gap Between the Inner and the Outer Shell 
Reference 8 indicates a tight fit between the inner shell and the 0s. However, Reference 23 
describes the fit between the two shells as "loose" (Section 8.1.8). In order to determine which 
configuration was more conservative for this study, two of the cases (end impacts, a=5", v== m/s and 
a=lO, v=2 m/s, both at 150 'C) were run with each geometry (tight fit and maximum loose fit). The 
results are presented in Attachment 11, and show that the configuration with a 4-mm gap is 
conservative. Consequently, all other cases were run with a 4-mm gap between the inner shell and 
the 0s. 
5.3.3 Mesh Refinement Study 
The mesh of the FER was generated and refined in the contact region according to standard 
engineering practice. This mesh was then further refined in the higher-stress region to verify that the 
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6. RESULTS 
The running time (0.05 s) was chosen so that the waste package had enough time to bounce off the 
unyielding surface, and for the residual 1'' principal stress to be established. At the end of the 
calculation, the damaged area in the OS was calculated for each configuration, using LS-POST V2 
(see Section 5.4). 
Tables 4 to 8 list the damaged area and the angle defining its circumferential extension for the 
different configurations studied and different limits of stress. 
Table 4. Damaged Area (mZ) and Associated Angle (degree) at 150 CC. 
Stress Limit = 80% of Yield Strength 
End Impacts: Angle between the axis of the Side Impacts: Angle between 
Waste Package and the Vertical (degree) the axis of the Waste Package 
and the Horizontal (degree) 
0 1 5 8 0 1 8 
Initial Velocity (m/s) 
Originator: V 0 ,O Z61°3 Checker: 
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Table 5. Damaged Area (m2) and Associated Angle (degree) at 150 @, 
Stress Limit = 90% of Yield Strength 
I I I 
End Impacts: Angle between the axis of the Side Impacts: Angle between 
Waste Package and the Vertical (degree) the axis of the Waste Package 
I I and the Horizontal ldearee) I 
Initial Velocity (m/s) 
4 0.0244 0.0212 0.0508 0.0367 0.0046 0.0015 0.0006 1 i t80  I f75 I 4 2  I i37 1 kl3 I i l l  1 i l l  
Table 6. Damaged Area (m2) and Associated Angle (degree) at 150 "C, 
Stress Limit = 100% of Yield Strength 
I I 
End Impacts: Angle between the axis of the 
Waste Package and the Vertical (degree) 
4 0 0.0103 0.0217 0.0143 
i72 i 39 i35 
Initial Velocity (m/s) 
6 0.0244 0.0185 0.0302 0.0273 
Checker: @ 02/26/03 
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Table 7. Damaged Area (mZ) and Associated Angle (degree) at 200 C, 
Stress Limit = 80% of Yield Strength 
End Impacts: Angle between the axis of the 
Waste Package and the Vertical (degree) 
I 
Table 8. Damaged Area (mz) and Associated Angle (degree) at 200 "C, 
Stress Limit = 90% of Yield Strength 
0 
Side Impacts: Angle between 
the axis of the Waste Package 
and the Horizontal (degree) 
Initial Velocity (m/s) 
0 
0 
Initial Velocity (m/s) 
1 
4 
6 
Attachment VI presents stress fields in the OS for some of these cases. These stress fields illustrate 
the extension of damage in the axial direction, and present the 1" principal stress in the OS - bottom 
lid junction. 
I 
0.0038 
f17 
End Impacts: Angle between the axis of the 
Waste Package and the Vertical (degree) 
Originator: V& - 021 26 103 Checker: @ 02/26/03 
5 8 
0.0244 
f180 
0.0244 
f180 
0 
Side Impacts: Angle between 
the axis of the Waste Package 
and the Horizontal (degree) 
8 
0.0022 
fll 
0 
0.0885 
f 78 
0.1822 
+I08 
1 
0.0017 
f10 
1 
0.0968 
f42 
0.1489 
f54 
5 8 
0.0002 
f2 
8 
0.0714 
f 37 
0.1038 
f46 
0 0 
0.0187 
f15 
0.0430 
f26 
0.0072 
f13 
0.0238 
f17 
0.0092 
f25 
0.0153 
f22 
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Besides, some o f  the end impacts were run and post processed at 100 P7. Tables 9 to 11 l ist the 
damaged area for these configurations. 
Table 9. Damaged Area (m2) and Associated Angle (degree) at 100 "C, 
Stress Limit = 80% of Yield Strength 
End Impacts: Angle between the axis of the 
*180 +66 *42 *37 
Initial Velocity (rn/s) 
6 0.0266 0.1466 0.1474 0.1021 
k180 *99 r53 *46 
Table 10. Damaged Area (m2) and Associated Angle (degree) at 100 O C ,  
End Impacts: Angle between the axis of the 
Waste Package and the Vertical (degree) 
Initial Velocity (rn/s) 
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Table 11. Damaged Area (mZ) and Associated Angle (degree) at 100 "C, 
Stress Limit = 100% of Yield Strength 
I I 
End Impacts: Angle between the axis of the 
Waste Package and the Vertical (degree) 
I I I 
Finally, Table 12 shows the damaged area for the OS at 150 OC, obtained by comparing the residual 
stress intensity to the damage threshold (= 80% of Yield Strength in this case). 
Initial Velocily (m1.s) 
The stress intensity is defined as o, = ol - o, = 2 .  T, where ol and o, are the 1' and the 3'* 
principal stress, respectively, and z,, is the maximum shear stress (see Ref. 15, p. 82). 
This table is added for information only. Its purpose is to illustrate the difference in damage induced 
by two different residual stress measures (1" principal stress vs. stress intensity, i.e. Table 4 vs. 
Table 12). The difference in results reflects the influence of the 31d principal stress. 
4 
6 
10 
Originator: V 6. bL126 103 Checker: QU m/z/os 
0 
0.0244 
f180 
0.0251 
f180 
0.01 12 
i69 
0.0173 
k99 
0.0220 
f151 
0.0170 
f39 
0.0346 
f51 
0.0183 
i74 
0.0171 
235 
0.0258 
f44 
0.0180 
f59 
Analyses & Component Design Calculation 
Title: 21-PWR Waste Package Side and End Impacts 
Document Identifier: 000-00C-DSUO-01000-000-00B Page 29 of 32 
Table 12. Damaged Area (mZ) and Associated Angle (degree) at 150 43, 
Stress Limit = 80% of Yield Strength, Damaged Area Calculated using the Residual Stress Intensity 
End Impacts: Angle between the axis of the 
Waste Package and the Vertical (degree) 
4 0.0502 0.1238 0.1419 0.1089 
i180 f 78 i44 +39 
Initial Velocity (m/s) - 
6 0.0445 0.2572 0.2763 0.2229 
f180 +I12 k59 +48 
10 0.0926 0.1944 0.6018 0.6126 
f180 *I80 +90 +72 
20 0.5711 0.8137 1.747 1.675 
+I80 *I80 f 90 +lo6 
The output values are reasonable for the given inputs in this calculation. The uncertainties are taken 
into account by varying the most important input parameters such as the temperature and the stress 
limit. The results are suitable for use in assessing the damaged area in the OS due to the impact of 
the waste package on an unyielding surface. 
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8. ATTACHMENTS 
Attachment 1(2 pages): Design sketch (21-PWR Waste Package ConJigurations for Site 
Recommendation [SK-0175 REV 021. This attachment uses Ref. 11 .) 
Attachment I1 (5 pages): Gap between the inner and outer shell 
Attachment I11 (24 pages): Mesh refinement study 
Attachment IV (2 Compact Discs): 
ANSYS V5.4 and LS-DYNA electronic files for the side and end 
impacts of the 21-PWR waste package. The LS-DYNA input files 
can be run using either LS-DYNA V950 or LS-DYNA V960.1106. 
- 
The files were compressed using "WinZip V8.1 (WinZip Computing, 
Inc)". 
Attachment V (7 pages): Name, size, date and time of creation of the files in Attachment IV 
Attachment VI (6 pages): Selected Stress Field Plots 
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ATTACHMENT I1 
GAP BETWEEN THE INNER AND OUTER SHELL 
The drawing used to create the geometry of the 21-PWR WP in this calculation specifies a tight fit 
(0-mm nominal gap) between the IS and the OS in the radial direction. However, Reference 23 
(Section 8.1.8) specifies a 4-mm nominal gap between the IS and OS in the radial direction. In order 
to determine which geometry would be the more conservative, two cases (end impacts, a=l 7 
v=2 m/s and a=5 v=4 m/s) were run with the tight fit and the maximum loose fit (4-mm gap) and 
the results are compared. The cases were run at 150 OC. 
Table 11-1: ComDarison of two Geometries (With and Without Gap between the Inner and Outer Shell) 
a=l ; v=2 m/s 
Damaged Area (m') - 90% 
of Yield Stress 
Damaged Area (m2) - 
100% of Yield Stress 
Maxi Residual I" 
Princi~al Stress (MPa) 
Damaged Area (m2) - 1 0.0154 1 0.0211 1 40.9 1 
100% of Yield Stress 
Without Gap 
361.5 
(See Figure 11-1) 
0.0212 
Maxi Residual Is' 
Principal Stress (MPa) 
Damaged Area (m2) - 80% 
of Yield Stress 
a=5 ; v=4 m/s 
In all the cases but one, the geometry including a 4-mm radial gap yielded more conservative results. 
This geometry was used for the remainder of the runs. 
0.0110 
0.0054 
514.4 
(See Figure 11-3) 
Attachment 11: Gap between the Inner and the Outer Shell 
Originator: \18. 02 lfb(03 Ckcker: @ 02/26/03 Page 11-1 
With a 4-mm 
Gap 
360.3 
(See Figure 11-2) 
0.0221 
Damaged Area (m2) - 80% 
of Yield Stress 
Damaged Area (m2) - 90% 
of Yield Stress 
Difference (%) 
<1 
4.2 
0.0112 
0.0051 
521.2 
(See Figure 11-4) 
1.8 
-5.5 
1.3 
0.0719 
0.0390 
0.0850 
0.0508 
18 
38 
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ATTACHMENT 111 
MESH REFINEMENT STUDY 
For each type of impact (end impact, side impact, inclined end impact, inclined side impact), the 
following mesh refinement study was conducted to verify the objectivity of the mesh (i.e. that the 
calculation results are not mesh-sensitive). A mesh was generated and refined in the contact r e ~ o n  
- - 
according to standard engineering practice. The mesh was then further refined in the higher-stress 
region. The difference in maximum stress was compared to the variation in volume of an element 
- 
representative of the mesh according to the methoddescribed in Reference 20, Section 6.2.3. The 
results are presented in Table III-2 to III-6. 
For example, in Table III-2, the values of maximum residual stresses are presented for two different 
meshes. The average OS element volume in the impact region (characterized by the highest stresses; 
see Figure m-1) of the first mesh is 260% larger than the corresponding element in the second mesh 
((4.4969.10.'-1.2482.10-')/1.2482.10-'=2.60). Note that the volumes of each element can be directly 
verified by using LS-POST V2. For this very large difference in element volume, the variation in 
maximum residual 1" principal stress is 18% and the variation in maximum residual shear stress is 
smaller than 5 %. These results indicate that a large reduction of the element volume in the contact 
region results in very mild sensitivity of the maximum residual stresses. The original FE mesh is, 
therefore, deemed acceptable, and all remaining calculations are performed with the coarser mesh. 
In this study, 10 different meshes were used. Table III-1 presents which mesh was used for each 
run. The larger, bold letters indicate the runs that were used in the mesh refinement study. Meshes 
B and E are strictly identical to mesh D, except for the angle between the axis of the waste package 
and the unyielding surface. Therefore, the mesh refinement study conducted for mesh D is 
considered to be representative for meshes B and E. Similarly, mesh G was considered to be 
representative of mesh F, and mesh C representative of meshes J and K for the purpose of this 
attachment. 
Table 111-1: Identification of the Mesh used in each Run 
Attachment III: Mesh Refinement Study 
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Attachment IU: Mesh Refinement Study 
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Table 111-2: Mesh Verification for Mesh A 
Table 111-3: Mesh Verification for Mesh D 
axi Residual 1 
Element Volume 
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Table 111-4: Mesh Verification for Mesh C 
Maxi Residual 1" 
Table 111-5: Mesh Verification for Mesh F 
Attachment 111: Mesh Refinement Study 
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Table 111-6: Mesh Verification for Mesh G 
Shear Stress 
In this case, the location where the maximum residual shear stress occurs varies between the 
refined and the standard mesh. The comparison of volume is then done at the two locations 
where it occurs: Location A is at the junction of the OS and its bottom lid, location B is at the 
junction of the closure lid and the 0 s .  
Attachment 111: Mesh Refinement Study 
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